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(54) Reducing subterranean formation water permeability 



(57) The water pemteability of a subterranean for- 
mation is reduced by Introducing Into the fonnatlon a wa- 
ter flow resisting chemical which attaches to adsorption 
sites on surfaces within the porosity of the formation and 
reduces the water penneabltlty thereof without substan- 



tially reducing the hydrocarbon penneabillty thereof. 
The water flow resisting chemical Is comprised of a pol- 
ymer of at least one hydrophillc monomer and at least 
one hydrophobically modified hydrophllte monomer. 
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Description 

[0001] The present invention reiates to a method of treating a water and hydrocarbon producing subterranean for- 
mation to reduce the water permeability thereof . 

5 [00021 The production of water with hydrocarbons. i.e. oil and/or gas. from wells constitutes a major problem and 
expense in the production of the hydrocarbons. While hydrocarbon producing wells are usually completed in hydro- 
carbon producing formations, when the formations contain layers of water and oil or when there are water producing 
zones near the hydrocarbon producing formations, the higher mobility of the water often allows It to flow into the well- 
bores which penetrate the hydrocarbon producing formations by way of natural fractures and/or high pemieability 

10 streaks In the production of such wells, the ratios of water to hydrocarbons recovered often become so high that the 
cost of producing the virater, separating it from the hydrocarbons and disposing of it represents a significant economic 



loss. 

[0003] In orderto reduce the production of undesired water from hydrocarbon produdngfonnations. aqueous polymer 
solutions containing cross-Hnlcing agents have been utilized heretofore. In the case of naturally fractured formations, 

15 such aqueous polymer solutions have been pumped into the hydrocarbon producing formations so that they enter 
water zones within and adlacent to the fonnatlons and cross-link therein. The cross-linking of the polymer solutions 
causes them to form stiff gels which aid In stopping or reducing the flow of the undesired water While the use of 
aqueous polymer solutions for reducing the production of undesired water has achieved varying degrees of success, 
the full blocking gels produced are not suitable for producing formation treatments unless the polymer solution can be 

20 placed solely in the offendng water producing zone or zones therein. If a polymer solution is allowed to gel within a 
hydrocarbon producing zone, the cross-linked polymer gel fornied will reduce or stop the flow of hydrocarbons in 
addition to the flow of water. The selected placement of a polymer solution in a producing formation requires expensive, 
time-consuming zonal isolation placement technology. In addition, even when a poh^er solution is properly placed in 
a water producing zone, the cress-linked gels fonned often do not remain stable in the zone due to themnal degradatton 

25 and/or differences in the adsorption characteristtes of the polymer and associated cross^llnker and the like. 

[0004] More recently, chemicals referred to as relative permeability modifiers have been utilized to decrease the 
production of water with hydrocarbons. That is. water pemieability modifying chemteals such as polyacrylamlde have 
been introduced into hydrocarbon and water producing formations so that the chemicals attach to adsorption sites on 
surfaces within the porosity of the f omnations. The presence of the chemk»ls in the fomiations has the effect of reducing 

30 the fk>w Of water through the fonnattons while having a minimal effect on the flow of hydrocarbons therethrough. The 
use of water permeability modifying chemicals In hydrocarbon and water producing fomialions to decrease the pro- 
duction of water is considerably less expensh^e than other techniques such as blocking the flow of water with cross- 
linked polymers, and does not require expensive zonal Isolalten techniques. However, the use of such hydrophillc water 
permeability modifying chemicals, e.g. polyacrylamides. have heretofore resulted In only smaU reductions in water 

35 production and/or unacceptable levels of reduction in hydrocarbon production. 

[0005] Thus, there are needs for improved methods of treating water and hydrocarbon producing subterranean for- 
mattons utaizing water pemieability modifying chemicals which are more effective in reducing water production with 
minimal or no reduction In hydrocarbon productton. 

[0006] In one aspect, the present invention provides a method of treating a water and hydrocarbon producing sub- 
40 terranean f omiallon to reduce the water penneabiliry thereof, whteh method comprises introducing into said f omiation 
a water flow resisting chemteai comprised of a polymer of at least one hydrophilfc monomer and at least one hy<to- 
phobfcaily modified hydrophilfc monomer, whteh polymer attaches to adsorption sites on surfaces within the porosity 
of saw formation to reduce the water pemieability thereof without substantially reducing the hydrocarbon permeability. 
[0007] Examples of particularly suitable water flow resisting polymers useful in accordance with this invention include, 
45 but are not Prnlted to, an acrylamide^ octadecyldlmeihylammonlumethyl methacrylate bromide copolymer, a dlmethyl- 
amlnoethylmethacrylaleA/lnylpyrrolklonemexadecyidlmethylammoniumethylmeth 

acrylamide«-acrylamkto-2-methyl propane sulfonks add/Z-ethylhexyl methacrylate terpolymer. These and other poly- 
mers whkjh can be utilized preferably have a molecular weight in the range of from about 1 00.000 to about 1 0.000,000. 
Further the mole ratio of the hydrophilic monomer(8) to the hydrophobically modified hydrophillc monomer(s) in the 

50 polymers is preferably in the range of from about 99.98:0.02 to about 90:1 0. 

[OOOq The polymer utilized can be introduced into the formation to be treated in an aqueous carrier liquid solution 
and oveiflushed with a water compatible with the formation. After the fomiation is contacted with the solutton and the 
polymer has attached to surfaces within the porosity of the fonnatton. a secondary overflush of a hydrocarbon such 
as diesel oil (or a gas in the case of a hydrocarbon gas producing fonnation) is preferably introduced therein to facilitate 

55 the subsequent production of hydrocarbons therethrough. 

[0009] The temi "water" when used herein in reference to the water produced with hydrocarbons from subterranean 
fomnations includes salt water and brines. 

[0010] The polymers useful in accordance with this invention can be prepared from a variety of hydrophilfc monomers 
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and hydrophobicaHy modified hydrophiiic monomers. 

[001 1] Examples of particulaily suitable hydrophiiic monomers which can be utilized include, but are not limited to. 
acrylamide. 2-acfylamldo-2-methyl propane sulfonic add. N.N-dbnethyiacrylamide. vinyl pynx>lidone, dimethylaminoe^ 
thyl methacrylate. acrylic acid, dimethyiaminopropylmethacfylamide. trimethylammoniumethyl methacrylate chloride. 
5 methacrytamide and hydroxyethyl acrytate. Of these, acrylamide. 2-acrylamido-2-methyt propane sulfonic acid, acrylic 
acid, dimethyiaminoethyt methaciylate and vinyl pyn-olidone are preferred. 

[0012] A variety of hydrophobicaNy modtfled hydrophiiic monomers can also be utilized to form the polymers useful 
In accordance with this invention. Particularty sutable hydrophobically modified hydrophiiic monomers include, but are 
not limited to. aikyi acrylatas. alkyl methacrylates. alkyi acrytamldes and alkyt methacrytamides wherein the aikyi rad- 

10 icals have from about 4 to about 22 carbon atoms, allcyl dmethytammoniumethyl methacrylate bromide, aikyi dimeth- 
ylammoniumethyl methacrylate chtoride and allcyl dimethylammoniumethyi methacrylate iodkje wherein the alkyt rad- 
icals have from about 4 to about 22 carbon atoms and ail^l dimethylammonium-propylmethacrylamide bromkie, alkyl 
dimethylammonium propylmethacrylamide chloride and alkyl dimethylammoniumpropylmethaciylamide todide wherein 
the alkyl groups have from about4 to about 22 carbon atoms. Of these, octadecyktimethylammoniumethyl methacrylate 

IS bromkle. hexadecytdlmethyl-ammonlumethyl methacrylate bromkle, hexadecykJimethylammoniumpropyl methacryla* 
mide bromkle. 2-ethythexyl methacrylate and hexadecyl methacrylamlde are preferred. 

[0013] Polymers whtoh are useful in accordance with the present Invention can be prepared by polymerizing any 
one or more of the hydrophiiic monomers with any one or more of the hydrophobk:aily modified hydrophiiic monomers. 
While the polymerizatkm reaction can be performed in various ways, an example of a partfeularty suitable procedure 

^ for polymerizing water soluble monomers is as follows. Into a 250 mL*3 neck round bottom flask, charge the following: 
47.7 9 Dl water. 1 .1 g acrylamide and 0.38 g alkyl dimethylammoniumethyi methacrylate bromide. The solution formed 
is sparged with nitrogen for approximately 30 minutes, followed by the addition of 0.01 27 g of 2,2'*azobis (2-amidino- 
propane) dihydrochtoride. The resulting solutton is then heated, with stirring, to 11 0« F and held for 1 8 hours to produce 
a highly viscous polymer solutton. 

25 [0014] When the hydrophobteally modified hydrophiiic monomer is not water soluble, e.g., octadecylmethacrylate, 
the following procedure can be utilized, into a 250 mL-3 neck round bottom flask, charge the following: 41 .2 g Dl water 
and 1 .26 g acrylamide. The solution fonmed is sparged with nitrogen for approximately 30 ntlnutes, followed by the 
addition of 0.06 g of octadecyl methacrylate and 0.45 g of a cocoamidopropyl betaine surfactant. The mixture is stln-ed 
until a homogeneous, clear solutton is obtained followed by the addition of 0.0055 g of 2.2*-azobis (2-amldinopropane) 

30 dihydrochtoride. The resulting solution is then heated, with stirring, to 1 1 0*^ and held for 1 8 hours to produce a highly 
viscous polymer solution. 

[0015] in addition, the polymerization procedure may employ a hydrocartDon reaction medium instead of water. In 
this case, appropriate surfactants are used to emulsify the hydrophitto/hydrophobto nx)nomers, and the product Is 
obtained as an ol extemal^vater Internal emulston. 

35 [0016] Suitable polymers prepared as described above have estimated molecular weights in the range of from about 
250,000 to about 3.000,000 and have mole ratios of the hydrophiHc monomer(s) to the hydrophobically modified hy- 
drophllto monomer(8) in the range of from alDout 99.98:0.02 to about 90: 1 0. Partteularty suitabto polymers having mo- 
lecular weights and moto ratios in the ranges set forth above include, but are not limited to. an acrylamide/octadecyld- 
imethylammoniumethyl methacrylate bromide copolymer, a dimethylaminoethyl methacrylate/hexadecyldimethylam- 

40 moniumethyl methacrylate bromide copolymer, a dimethylaminoethyl methacrylate/vinyl pyrroltoone/hexadecykilmeth- 
ylammonlumethyl methacrylate bromide terpolymer and an acrylamtoe/2-acrylamtoo-2-methyl propane sulfonto acM/ 
2-ethylhexyl methacrylate terpolymer Of these, an acrylamtoe/octadecyl dimethylammoniumethyi methacrylate bro- 
mtoe copolymer having a mole ratto of hydrophilto monomer to hydrophobically modified hydrophilto monomer of 96: 
4 is presently preferred. 

45 [001 7] An improved method of this invention for treating a water and hydrocart>on producing subterranean formation 
to reduce the water pemieablity thereof without substantially reducing the hydrocarbon permeability thereof Is com- 
prised of the foltowing steps. A polymer of at least one hydrophilc monomer and at least one hydrophobcally modified 
hydrophilto monomer is prepared having a molecular weight In the range of from about 100,000 to at)out 10,000,000 
and having a mole ratto of hydrophilto monomer(s) to hydrophobtoaily modified hydrophilto monomer(8) in the range 

so of from about 99.98:0.02 to about 90:10. Thereafter, the polymer is introduced into the subten^anean formation to be 
treated so that the polymer attaches to adsorption sites on surfaces within the porosity of the formation. 
[0018] In carrying out the above described method, the polymer is preferably dissolved in an aqueous carrier liquid 
and ttie resulting solution containing the polymer is introduced into the formation. The aqueous carrier ilquki can be 
fresh water, seawater. or an aqueous salt solution. The aqueous carrier liquki is preferably an aqueous salt solutton 

S5 containing one or more salts in an anwunt In the range of from about 2% to about 10% by weight of the solutton. A 
variety of salts can be utilized in the aqueous solutton such as potassium chtoride. sodium chloride, ammonium ch toride 
and calcium chloride. 

[0019] In order to facilitate the flow of the carrier lk|uto solution containing the polymer into the fomnation being 
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treated, a surfactant can be included In the earner fluid solution. While a variety of surfactants can be used, a presently 
preferred surfactant Is cocoylamidopropylbetaine. When used, the surfactant is included In the earner liquid solution 
in an amount in the range of from about 0.1 0% to about 2.0% by weight of the solution, more preferably In an amount 
in the range of from about 0.5% to about 1%. 

5 [0020] After the treatment described above whereby the polymer utilized is adsorbed onto the formation surfaces, 
an after-flush of a hydrocaibon liquid such as kerosene, diesel oil or cmde oil or a hydrocarbon or inert gas such as 
methane and natural gas or nitrogen (when the forniation produces gas) can be Introduced Into the fomiation. Although 
It is not required in order for the polymer to be effective, the hydrocarbon liquid or gas after-flush in the formation 
facilitates the subsequent flow of hydrocarbons through the fonmation. 

10 [0021] In order to further illustrate the methods of the present invention, the following examples are gh<en. 

Example 1 

[0022] Various cationic hydrophoblcaWy modified hydrophitic monomers were prepared in accordance with the pro- 
15 cedures described above by reacting dimethylaminoethyl methacrylate with hexadecyl bromide, octadecyl bromide 
and l-bromodocosane (behenyl bromide) to produce hexadecyl. octadecyl and behenyl dimethylammonium-ethyl 
methacrylate bromide. Various mole percentages of the hydrophobically modified hydrophlllc monomers and acryla- 
mide were then reacted to produce copolymers having estimated molecular weights In the range of from about 250,000 
to about 3,000,000. In addition, a non-ionic hydrophobic monomer, i.e., octadecylmethaciylate was dissolved in an 
20 aqueous solution containing a suitable surfactant and copolymerized with acrylamide as described above. The various 
copolymers produced are described in TABLE I below. 

[0023] For comparison purposes, polyacrylamlde and two commercially available polyacrylamide polymers of known 
molecular weight, I.e., 'ALCOFLOOD 245S™' and "ALCOFLOOD 93S^' are included in TABLE I. 

25 
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[0024] A multi-pressure tap Hassler sleeve containing a Berea sandstone core was utilized to determine the water 
permeability reduction produced by the various copolymers described in Table I. The pemneability reduction tests were 
run at a temperature of 176-F utilizing a brine containing 9% by weight sodium chloride and 1% by weight calcium 
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chloride. 

[0025] The f oilowing procedure was utilized for a first series of tests, the results of which are shown in Table 11 below. 
The above deserved brine was flowed through the Berea core until the pressure stabilized, yielding an initial pemne- 
ability. The polymer or copolymer tested was dissolved in the above described brine in an amount of 2.000 parts per 
million, and 100 milliliters of the treatment solution containing the polymer or copolymer was flowed into the core and 
overtlushed through the core with 1 00 milliiiterB of the above described brine, both of which were flowed in the oppositB 
direction to the initial brine flow. The brine flow was then resumed In the original direction until the pressure again 
stabilzed and final penfneabiHty was calculated. The percent brine permeability reduction was calculated using the 
formula [1 -(final penmeability/inltial penneabiity)] x 1 00. The multi-tap Hassler sleeve allowed the core pemfieabillty to 
be dhrided into four segments. In the tests, the initial brine flow was from segment 1 through segment 4. The treatment 
solution and displacement brine flow were from segment 4 through segment 1 , and the final brine flow was from se^nent 

1 through segment 4. The initial and final permeabilities were calculated for the middle two segments, i.e., segments 

2 and 3. The results of the tests ^e set forth in Table 11 below. 



TABLE h 



Permeability Reduction In Barea Sandstone At 175* 


Polymer or Copolymer No. 


% Brine Pemneability Reduction - 


% Brine Permeability Reduction - 




Segment 2 


Segments 


1 (Control) 


38 


20 


2 


33 


53 


3 


35 


35 


4 


30 


43 


5 


43 


52 


6 


48 


65 


7 


10 


42 


8 


60 


60 


9 


45 


35 



[0026] From Table II. it can be seen that the copolymers of this invention produced greater brine reductton than 
polymer No. 1 (unmodified polyaciytamide). 



Example 2 

[0027] The tests described In Example 1 were repeated except that a different flow sequence was utilized to simulate 
a subten-anean zone which initially produced oil but later "watered out." i.e.. produced only brine but still had residual 
oil trapped therein. This scenario was simulated by flowing a sequence of brine and oil (kerosene) through the core. 
In a first set of tests, the sequence was first brine, then ol, then brine, then oil. then brine, then the treatment solution 
and then brine. The third brine flow was used to calculate the Initial penneability to brine at residual oil condtlons. This 
penneabillty was used along with the permeability calculated after the final brine flow to detennine the penrent brine 
permeabili^ reduction. To detennine the impact of thennal degradation, following the flnal brine flow, some testing was 
perfomied where the core was shut-in at temperature over night and flow was resumed the next day. The brine per* 
meabiiity was determined after the shut-in. 

[0028] Another series of tests were mn to simulate what happens If the treatment solution enters an oil-producing 
zone containing residual water. These tests were conducted with a flow sequence of a first brine flow, then an oil flow, 
then a second brine flow, then a second oil flow, then the treatment solution flow followed by a third oil flow. The second 
oil flow was used to calculate the initial oil penneabillty and the last oil flow was used to determine the penneabillty to 
oil after treatment. The pendent oil penneabillty reduction was detemiined In the same manner as described above for 
detennining the percent brine pemieabillty reduction. The results of these tests are given in Table III below. 
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TABLE 111 



PermMbility Raduetloii In Bam Sandstone At 175«F 



10 



15 



20 



Polymer or 
Copolymer 
No. 


% Brine 
Penrneability 

Reduction 
-Segment 2 


% Brine 
Pemneability 
Reduction 
-Segment 3 


% Brine 
Pemneability 
Reduction 
•Segment 2 
24 Hour 
Shut-in 


% Brine 
Pemneability 
Reduction 
-Segment 3 
24 Hour 
Shut-in 


% Oil 
Pemneability 
Reduction 
-Segment 2 


% Oil 
Permeability 
Reduction 

-oeymeni o 


1 (Control) 


25 


45 


-66 


-30 






3 


45 


55 






-30 


0 


4 


55 


72 






20 


-10 


5 


45 


70 






-50 


-40 


10 


35 


50 


35 


50 






11 


55 


75 











[0029] From Table 11 1, it can be seen that the copolymers of this Invention functioned to increase the brine permeability 
reduction as compared to polymer No. 1 (polyacryiamide). 

[0030] it can also be seen that polymer No. 1 (polyacrylamide) lost effectiveness after 24 hours. In comparison, 
copolymer No. 1 0 retained its effectiveness after the 24 hour shut-in. The percent oil permeability reduction numbers 
were negative indicating increased oil pemneability after the treatment. 



25 Example 3 

[0031] The tests described in Examples 1 and 2 (with the exception of the oil permeability reduction tests of Example 
2) were repeated except that a different flow sequence was utilized. That is, the flow sequence was first brine, then 
oil, then brine. The second brine flow was used to calculate the initial permeability to brine under residual oil conditions. 
The treatment solution was ttien flowed through ttie core and overf lushed through the core with 1 00 milliliters of brine 
which was followed by 25 mHlilllers of oil (icerosene). Following the treatment and overflush stages, brine flow was 
again stabilized through the core In the original direction. The percent brine penneability reduction in segments 2 and 
3 before and after a 24 hour shut-In were calculated. The results of these tests are given In Table IV below. 

TABLE IV 



30 



40 



45 



50 



Permeability Reduction In Berea Sandstone At 175'F 


Polymer or 


% Brine 


% Brine 


% Brine 


% Brine 


Copolymer No. 


Permeability 


Permeability 


Pemieability 


Permeability 


Reduction - 


Reduction - 


Reduction - 


Reduction - 




Segment 2 


Segment 3 


Segment 2 


Segment 3 






24 Hour 


24 Hour 








Shut-in 


Shut-in 


1 


40 


63 


0 


17 


12 


42 


68 


32 


60 


13 


65 


85 


55 


80 


10 


72 


78 


58 


68 


14 


65 


82 


48 


74 


15 


78 


83 


78 


83 



[0032] From Table IV. it can be seen ttiat the control polyacrylamide lost its effectiveness after the 24 hour shut-in. 
The copolymers of the present invention produced higher levels of brine pemneability reduction and maintained their 
effectiveness after the 24 hour shut-in. 
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Claims 

1 . A method of treating a water and hydrocarbon producing subterranean fonnation to reduce the water permeability 
thereof, which method comprises introducing into said formation a water flow resisting chemical cofrprised of a 
polymer of at least one hydrophilic monomer and at least one hydrophobically modified hydrophilic monomer, 
which polymer attaches to adsorption sites on surfaces within the porosity of said fonmiation to reduce the water 
permeability thereof without substantially reducing the hydrocarbon pemieability. 

2. A method according to daim 1, wherein said hydrophilic monomer is selected fronn acrylamide, 2*acrylamtdo- 
2-methyl propane sulfonic acid. N.N-dlmethylacrylamlde, vinyl pyrrolidone. dimethylaminoethyt methacrylate, 
acrylic add. dimethylaminopropylmethacrylamide, trimethylammoniumethyl methacrylate chloride, methacryla- 
mide and hydroxyethyl acrylate. 

3. A method according to claim 1 or 2. wherein said hydrophobically modified hydrophilic monomer Is selected from 
alkyi acrylates, alkyi methacrytates. aJIcyl acrytamides and alkyi methacrylamides wherein the alkyl radicals have 
from 4 to 22 carbon atoms; alkyl dimethylammoniumethyl methacrylate bromide, alkyl dimethyiammonlumethyl 
methacrylate chloride and alkyl dimethylammoniumethyl methacrylate iodide wherein the alkyl radteals have from 
4 to 22 carbon atoms; and alkyl dimethylammonium propylmethacrylamide bromide, alkyl dimethylammonlum pro- 
pylmethacrylamlde chtoride and alcyl dimethylammonium propylmethacrylamide iodide wherein the alkyl groups 
have from 4 to 22 carbon atoms. 

4. A method according to daim 1 . 2 or 3, wherein the mole ratio of sakj hydrophilte monomer to said hydrophobfcally 
modified hydrophilic monomer in sakJ polymer is from 99.98:0.02 to 90:10. 

5. A method according to claim 1 , 2, 3 or 4, wherein said polymer is selected from an aciylamida/octadecyldimeth- 
ylammonlumethyl methacrylate bromide copolymer, a dimethylaminoethyl methacrylate/hexadecyldhiothylammo- 
nlumethyl methacrylate bromide copolymer, a dimethylaminoethyl methacrylata/vinyl pyn'olkione/ hexadecyld- 
imethylammoniumethyl methacrylate bromide terpolymer and an acrylamide/2-acrylamido-2-methyl propane sul- 
fonic add^-ethylhexyl methacrylate terpolymer. 

6. A method according to any of claims 1 to 5, wherein said polymer has a molecular weight in the ranae of 1 00 000 
to 10.000,000. 



7. A method according to any of claims 1 to 6, wherein saM polymer is dissolved In an aqueous carter liquid, preferably 
an aqueous salt solution. 

8. A method according to daim 7, wherein the carrier liquid Is an aqueous salt solution selected from potassium 
chloride, sodium chlorkto. ammonium chloride and caelum chloride, the salt being present in said aqueous salt 
solution In an amount of from 2% to 10% by weight of said solution. 

9. A method according to claim 7 or 8. wherein said aqueous can-ler liquid solution further comprises a surfactant 
dissolved therein, preferably cocoylamidopropylbetalne in an amount of from 0. 1 % to 2% by weight of saM carrier 
lk)uid solution. 

10. A method according to any of dalms 1 to 9, which further comprises the step of Introducing a hydrocarbon liquid 
or a gas Into saM formation after the introduction of saM water flow resisting chemk^l therein, sakj hydrocarbon 
lk;iuid preferably being kerosene, diesel oil or crude oil, and said gas preferably being methane, natural gas or 
nitrogen. 
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